Picosecond pulses have been generated from a cw diode-laser source using cross-phase modulation from a cwpumped mode-locked Nd:YAG laser operating at 1.06 ,um. By tuning the diode laser in the region near 1.5 ,im, the effect of group-velocity mismatch can be minimized, making efficient use of the fiber length and optimizing the cross-phase modulation spectral broadening.
Picosecond and femtosecond pulses can be generated from weak cw signals by using induced phase modulation 1 ' 2 and through pulsed stimulated Raman amplification together with soliton shaping. 3 These techniques primarily rely on the presence of a relatively intense pulsed pump field, which can also give rise to substantial cross-phase modulation. Several authors have investigated both theoretically and experimentally the effect of cross-phase modulation of pulsed sources, concentrating mainly on the spectral features and highlighting the contribution of group-velocity mismatch, with particular reference to the Raman effect.4 7 The process of cross-phase-modulation-induced modulational instability 8 ' 9 is also closely related to the research described here, and these cross-phasemodulation effects are comprehensively treated by Agrawal' 0 and Alfano.1"
For a cw signal it was shown theoretically by Schadt and Jaskorzynska1 2 that, under the appropriate conditions, picosecond pulses could develop through crossphase modulation from a pulsed-pump source. In the scheme that they envisaged, the pulsed pump is launched into a single-mode fiber together with a cw signal. Owing to the presence of the intense pump field, the contribution from the nonlinear refractive index through cross-phase modulation causes a timedependent phase shift on the signal, frequency downshifting the front edge of the disturbed signal and upshifting the trailing edge in the usual manner. In the region of anomalous dispersion due to the positive chirp, the signal will tend to compress temporally through solitonlike shaping, giving rise to a pulse structure. Clearly, the process is enhanced where the initial disturbance and the pulsed pump propagate with approximately equal velocities. In a single-mode fiber this can be achieved by ensuring that the pump is in the normally dispersive regime while the signal is anomalously dispersive. Dispersion can also cause temporal broadening of the input pump pulse that gives rise to a larger region of overlap with the signal; hence a larger signal energy contributes to the compression mechanism.
In this Letter we describe the experimental realization of the proposal of Schadt and Jaskorzynska,12 demonstrating sub-100-psec pulse generation from a cw diode laser through cross-phase modulation from a mode-locked Nd:YAG laser.
The experimental arrangement consisted of a cw diode laser and a continuously pumped, mode-locked Nd:YAG laser coupled into a single-mode fiber using a dichroic beam splitter, while the output from the fiber was examined spectrally and temporally. The cw diode laser was a grating-tuned, InGaAsP device that permitted tuning over the spectral range 1.43-1.56,um with a maximum average power of 500 gW. A conventional cw-pumped, mode-locked Nd:YAG laser at 1.06 Am provided the pump pulses, generating 100-psec pulses at a 100-MHz repetition rate with peak powers of near 700 W. Both the signal and pump beams were coupled into the fiber with a standard 20X microscope objective. The single-mode fiber was 1.2 km long, with the minimum dispersion calculated to be at 1.273 Am and a group-delay dispersion of 26 psec nm'1 km-' at 1.06 Am. It was estimated that at 1.06 and 1.52 Am the group delays were approximately equal, permitting efficient overlap of the pump and signal over the entire fiber length. If we assume a pump-power density of 25 MW cm-2 , neglect any effects of stimulated Raman generation, and assume that the pump and signal interact, without walkoff over the complete 1.2-km fiber length, a spectral broadening of 17 nm would be expected on the diode-laser signal through crossphase modulation.
At maximum a cw signal power of 60 MW was coupled into the fiber; consequently any contribution to the nonlinearity that arose was solely from the pump. Figure 1 shows the measured output spectral broadening of the signal due to cross-phase modulation. The input spectra were single line, with a spectral width limited by the 0.1-nm resolution of the spectrograph. To measure the spectra shown in Fig. 1 , a mechanical chopper was placed in the pump beam, and a lock-in amplifier was used to measure the transmitted diodelaser signal spectra at the frequency of the chopped light. This reduced the relative intensity of the central spectral feature corresponding to the input diode wavelength, in those spectra in which the small interaction distance between the pump and signal arose from a large difference in the group-velocity dispersions and gave a small spectrally broadened component. A clear spectral asymmetry, centered around the input, can be seen. In both cases the input power was 60 ,W and the average pump power was 480 mW.
Enhanced spectral broadening was observed to the long-wavelength side for signals launched into the long-wavelength side of the available tuning range, while the opposite was observed for input signals to the low-wavelength side. The change in sign of the imposed spectral asymmetry was clearly related to the influence of walkoff due to the difference in group velocity between the signal and the pump. In Fig. 1(a) the signal traveled faster than the pump, and the opposite occurred in Fig. 1(b) . Several authors have previously considered the effects of cross-phase modulation with reference to walkoff, with particular reference to Raman generation. 4 " 2 " 3 The spectral broadening observed through crossphase modulation is a function of the pump power. This is shown in Fig. 2 for an average signal power of 60 MW and an input wavelength of 1530.5 nm. The points shown in Fig. 2 correspond to the maxima of the broadened spectra above and below the central launched wavelength at the corresponding pump powers. The trend in increased spectral broadening with pump power is apparent. For the highest average pump powers used (500 mW), significant Raman generation at 1.12 Am took place that interfered with the cross-phase-modulation process. This was particularly noticeable for lower input wavelengths, e.g., at 1452 nm, for which pump-power levels when Raman generation was present considerable spectral broadening was observed, up to three times the spectral width of that measured when Raman generation was not present. The spectral broadening in this case was also asymmetric, being enhanced to the long-wavelength side. This can be qualitatively explained by the fact that the pump travels slower than the signal, while because of the Raman generation a distinct asymmetry of the chirp on the pump occurs to the long-wavelength side. 14 "1 5 As the pump slips through the signal, this chirp is cumulatively transferred to the signal through cross-phase modulation. Figure 3 illustrates the effect of group-velocity mismatch on the cross-phase-modulation process through variation of the signal wavelength. The average signal power was maintained at 60 MW, and the pump power was maintained at 480 mW. A discernable increase in the spectral broadening took place when the signal laser was tuned near 1512 nm, probably owing to the reduction in the mismatch between the signal and pump group velocities, permitting effective pulse overlap for the full fiber length. Figure 4 shows a representative spectrum of the more symmetrical and enhanced broadening obtained when the signal laser was tuned near 1512 nm. A broad pedestal was generated similar to that predicted by Schadt and Jaskorzynska; however, the spectral resolution of 0.1 nm was not adequate to resolve the predicted interference structure.1 2 The spectral broadening of 4 nm was of the same order of magnitude as that predicted above, assuming that no other nonlinearity was present and that the complete interaction took place over the 1.2-km fiber length.
In the time domain it was not possible to obtain an autocorrelation of the generated pulse widths. It should be noted that the average signal power was only 60 MW, and of this only a few percent of the energy contributed to the pulse modulation and compression. As a consequence it was only possible to display the pulses on a conventional sampling oscilloscope, from which it could only be concluded that the pulses were limited by the resolution of the amplifier and diodeoscilloscope combination to be 100 psec or less.
To detect the modulated diode-laser signal, the output from the fiber was passed through a monochromator to filter the pump and signal beams. In the absence of the 1.06-,Mm pump in the fiber, no temporal modulation of the diode signal was observed. The rejection ratio of the monochromator prevented pickup of the pump at the signal wavelength. Modulation required the presence of both inputs and resulted from the cross-phase-modulation process.
If we assume that our operational parameters are reasonably close to those used in the model of Schadt and Jaskorzynska,' 2 then pulses of only a few picoseconds could be formed. The fiber length used in our experiment was subtantially longer than that which was optimum.1 2 This should lead to the growth of additional short-pulse fragments. However, in our experimental situation, much higher sensitivity and temporal resolution would be required to observe this predicted behavior.
In conclusion, we have observed the generation of picosecond pulses from a cw diode laser through crossphase modulation from a mode-locked Nd:YAG laser and optimized the effect of the nonlinearity by tuning the signal wavelength, such that the pump and signal experienced minimal walkoff due to group-velocity effects. It should be possible to increase the power of the generated pulses by using an erbium-doped optical amplifier, and the technique should also be applicable to wavelength-tunable mode-locked or gain-switched diode-laser systems.16
